Abstract. Enhanced Faraday effect of cube-shaped EuS nanocrystals (average crystal size = 12 nm) with a coercive field is demonstrated for the fast time. The coercive field and the remanent magnetization of cube-shaped EuS nanocrystals were found to be 0.011 T and 0.05 µ B , respectively, using a SQUID (superconducting quantum interface device). Consideration of the volume percentages of cube-shaped EuS nanocrystals in polymer thin film gives a large Verdet constant (0.071 deg/cm Oe), which is 3.7 times larger than that of the polymer thin films containing sphere-shaped EuS nanocrystals (average crystal size = 14 nm). Cube-shaped EuS nanocrystals with a coercive field are expected to be used as active magneto-optical materials.
Introduction
Europium(II) Sulfide (EuS) is a characteristic semiconductor having degenerated 4f orbitals between the conduction band (5d orbitals of Eu(II) ) and the valence band (3p orbitals of S 2-) [1] . The 4f-5d electronic transition and spin configuration of EuS lead to unique magneto-optical properties, namely large Faraday and Kerr effects, which make it a promising candidate for an active material in magneto-optic devices. [2] It is known that size of EuS crystals affects their magneto-optic properties because of their characteristic 4f-5d transitions. Recently, nano-sized Eu(II) chalcogenides (EuO, EuS and EuSe) have been synthesized, and their resulting magneto-optical properties have been explored [3] [4] [5] [6] [7] [8] . In particular, we have reported remarkable Faraday effect of EuS nanocrystals [9, 10] . Gao and Stoll have studied the magnetic properties of EuS nanocrystals [11] [12] [13] . Although the magnetic properties of the similar EuS nanocrystals with diameters smaller than the magnetic correlation distance are considerably weaker, their magneto-optical properties are improved due to confined electronic states and enhanced optical transition cross-sections. Previously, we have reported on the characteristic [14] . We have also reported on manipulation of the Faraday rotation wavelength by means of size-controlled EuS nanocrystals [10] . The physical relation between the crystal size and the peak wavelength of the Faraday rotation is explained by the quantum size effect. The magnitude of the Faraday rotation angle is directly linked to the magnetic behavior of EuS which is related to spin polarization on the ground state [15] . Previous EuS nanocrystals with magnetooptical properties have been prepared via a reaction of europium metal with thiourea in liquid ammonia [10] , however, the preparation method provides sphere-shaped EuS nanocrystals with superparamagnetic properties. Enhancement of the Faraday rotation angle should be achieved by increasing the spin polarization in EuS nanocrystals. Gao has reported ferromagnetic behavior of cube-shaped EuS nanocrystals with a small magnetic coercive field [11, 12] . The increase of the spin polarization requires that EuS nanocrystals should have a ferromagnetic behavior with a coercive field. We here report on the enhanced Faraday effect of cube-shaped EuS nanocrystals with a coercive field for the fist time. 
Preparation of Tetraphenylphosphonium tetrakis(diethyldithiocarbamate) europium(III) dihydrates ((PPh 4 ) [Eu(S 2 CNEt 2 ) 4 ]·2H 2 O
A solution of Na(S 2 CNEt 2 ) 3H 2 O (1.13g) in 4ml ethanol was added to EuCl 3 6H 2 O (0.35g) dissolved in 4ml ethanol with stirring [6] . After the reaction mixture was filtered, a solution of BrPPh 4 in 2ml ethanol was added to the filtrated solution. The resulting precipitate was separated by filtration and washed several times with ethanol. Yield: 40%. FT-IR spectra (KBr): 1485 -1482 (C-N) cm -1 , 1442 (P-Phenyl) cm -1 , 1007 (C-S) cm ) in acetonitrile was dissolved in tri-n-octylamine (3.50 g), and loaded into a syringe. Hexadecylamine (8.01 g) was placed in a 100 ml four-neck flask and heated to 300 ºC under nitrogen atmosphere. The solution of the precursor was quickly injected into the flask and agitated for 6 h at 300 ºC. The obtained powder was washed several times by centrifugation with n-hexane. After washing, purple powder was obtained.
Preparation of cube-shaped EuS nanocrystals

Apparatus
1 H-NMR, 13 C-NMR, and 31 P-NMR data of Eu(III) complex were measured by a JEOL AL-300 (300 MHz) and ECP-400 (400 MHz) spectrometer.
1 H-NMR and 13 C-NMR chemical shifts were determined using tetramethylsilane (TMS) as an internal standard.
13 P-NMR chemical shifts were determined using H 3 PO 4 as an internal standard. Elemental analyses were performed with a Perkin Elmer 2400II CHNS/O. XRD measurement of EuS nanocrystals was carried out using a Bruker AXS. High-resolution images of the EuS nanocrystals were obtained with a Hitachi JEM-3100FEF TEM equipped with a tilting device (±10 degrees) and operated at 300 kV. The magnetic measurements were carried out using a Quantum Design MPMS SQUID system (Superconducting Quantum Interference Devices magnetometer). UV-Vis absorption spectrum is measured on a JASCO V-660 spectrophotometer at room temperature.
Preparation of polymer thin films containing cube-shaped EuS nanocrystals and Faraday rotation measurements
The obtained EuS nanocrystals (80 mg) were added to a chloroform solution of polymethylmethacrylate (PMMA) (2.0 g, 10 w%) and dispersed well under ultrasonic treatment, giving the colloidal suspension. The PMMA thin films were prepared on a glass substrate from the colloidal suspension via spin-coat method (spin-coater: MAKASA 1H-D7) for Faraday rotation measurements.
Results and Discussion
Characterization of cube-shaped EuS nanocrystals prepared using SSP method
The formation of EuS nanocrystals is carried out in situ generated by a single source precursor, Typical TEM images of EuS nanocrystals are shown in Figures 1b and 1c . Cube-shaped images with clear lattice fringes were observed, and their electron diffraction pattern was found to be in good agreement with the isometric EuS lattice. The image shows well-resolved lattice planes corresponding to the (200) plane of cubic EuS. The aspect ratio between the long and short sides of the rectangular particles was evaluated for 300 nanocrystals and the average aspect ratio was about 1.1, indicating well-ordered cubic nanocrystals. The average crystal size evaluated by the TEM observations was found to be 14 nm, and similar to the size measured by XRD (12 nm). The characteristic cubic shapes might be due to the NaCl-type fcc-structure of the EuS lattice. The cube-shaped EuS nanocrystals are successfully prepared using (PPh 4 )[Eu(S 2 CNEt 2 )] 2H 2 O as a single source precursor.
Magnetic properties
Magnetic measurements of cube-shaped EuS nanocrystals were performed using SQUID measurements. The temperature dependence of the magnetic susceptibility of EuS nanocrystals is shown in Figure 2 . We found that EuS nanocrystals displayed ferromagnetic behavior with the Curie point of T c = 16 K. This Curie point of EuS nanocrystals agrees with that of bulk EuS [16] . [17] . This result indicates that cube-shaped EuS nanocrystals are covered with a large amount of organic compounds. We have reported the presence of cationic P(C 6 H 5 ) 4 + and HDA on the sphere-shaped Eu(II) chalcogenides prepared by single source precursor method [17] . Based on the SQUID measurements and assumption that the effective number of Bohr magneton is given by J=7/2, weight percentage of the organic compounds on the cube-shaped EuS nanocrystals was estimated to be 42 %. The magnetic field dependence of the magnetic susceptibility in cube-shaped EuS nanocrystals at 1.8 K is shown in Figures 3a and 3b . We observed the characteristic hysteresis loop of the magnetic susceptibility. The coercive field and remanent magnetization were found to be 0.011 T and 0.05 µ B , respectively (Figure 3b ). In our previous study, sphere-shaped EuS nanocrystals (crystal size = 14 nm) showed no marked hysteresis in the magnetization curve. We propose thus, that the hysteresis loop of magnetic susceptibility is due to enhancement of the magnetization in characteristic cubic structures with suppressed density of defects and/or lattice distortion on the EuS surface. The hysteresis loop also indicates that the spin polarization of cube-shaped EuS nanocrystals is larger than that of previously reported sphere-shaped EuS nanocrystals on the ground state. The saturation magnetization of cube-shaped EuS nanocrystals (crystal size = 14 nm) normalized by concentration of EuS at 1.8K was found to be 2.1 µ B , and was very similar to that of the previous corresponding EuS nanoparticles (saturation magnetization of EuS (crystal size: 21nm) = 2.6 µ B ) [18] . The saturation magnetizations of EuS nanocrystals were smaller than the expected value of 7.0 µ B for 8 S 7/2 state of Eu(II) at 0 K. The complicated morphology of the EuS nanocrystals was considered to affect the magnetic moment value, because the disorderly arrangement of tiny crystals and cationic P(C 6 H 5 ) 4 + (a part of the ligand in single source Eu(III) complex) on the surface of the nanocrystals possibly decrease the exchange interaction between Eu(II) ions. We consider that a large number of tiny crystals and cationic compounds might affect the spin structure of the cube-shaped EuS nanocrystals. 
Magneto-optical properties
The magneto-optical properties of cube-shaped EuS nanocrystals were measured in poly(methylmethacrylate) (PMMA) thin films, prepared in accordance with a previously reported method [9, 10] . The thickness of the polymer thin films measured using a surface profiler was estimated to be 15.8 µm. The absorption spectrum of the PMMA thin films containing EuS nanocrystals (PMMA-C-EuS) are shown in Figure 4a . The 4f-5d ( 4 f 7 ( 8 S 7/2 ) -4 f 6 ( 7 F J )5d(t 2g , e g )) transition of cube-shaped EuS nanocrystals was observed at around 550 nm. We also measured the wavelength dependence of the Faraday rotation angle of PMMA-C-EuS at room temperature ( Figure  4b ). The Faraday spectrum showed clear positive and negative peaks, which can be attributed to the 4f-5d transitions of the cube-shaped EuS nanocrystals. The Verdet constants estimated according to the Faraday rotation angle (V = θ/Hl: θ, Faraday rotation angle; H, external magnetic field; l, sample thickness) of PMMA-C-EuS was found to be 1.5×10 -3 deg/cm Oe (Figure 4b ). We have also carried out calculations of concentration-normalized Verdet constants of PMMA-C-EuS for comparison with the previous PMMA film including sphere-shaped EuS nanocrystals (PMMA-SEuS). The density of PMMA and EuS are 1.2 and 5.7 g/cm 3 , respectively. Organic compounds on the EuS nanoparticle surfaces (HDA and P(C 6 H 5 ) 4 + ) were found to be at a volume concentration of about 1 g/cm 3 . The volume percentage (unit: cm 3 ) of EuS nanocrystals in PMMA-C-EuS is estimated to be 2.1 vol%. Consideration of the volume percentages of cube-shaped EuS nanocrystals (crystal size = 12 nm) in PMMA gives a large Verdet constant (0.071 deg/cm Oe), which is 3.7 times larger than that of the PMMA-S-EuS film (0.019 deg/cm Oe, crystal size = 14 nm). These results indicate that the Verdet constant of EuS nanocrystals is closely related to their magnetic properties, in particular, their coercive field. We suggest that future research on cube-shaped EuS nanocrystals with larger coercive fields will show an effective Faraday rotation based on their characteristic spin polarization on the ground state. 
Conclusion
In summary, the enhancement of the Faraday effect in PMMA thin film containing EuS nanocrystals with a coercive field has been successfully demonstrated. The coercive field of the magnetic properties depends on the shape and size of EuS nanocrystals. We observed that cube-shaped EuS nanocrystals show ferromagnetic behavior with a coercive field. EuS nanocrystals with a coercive field are expected to be an active magneto-optical material for applications such as plastic photoisolators and photo-magnetic memory.
